Strategies for permanently tuning the resonant frequency of inplane micromechanical resonators are compared. It is shown that tuning of the suspension stiffness may have advantages compared with tuning of the mass. Iterative frequency tuning of laterally resonant electrostatic comb-drive microactuators by focused ion beam machining is demonstrated.
Vibrating resonators are important components of micromechanical systems, with applications in sensors and actuators. However, defects and stresses can cause resonance shifts, and it is important to develop methods of tuning. Passive methods are based on dimensional trimming and active methods on electrically-induced stress. For example, reactive ion etching (RIE) has been used to apply global dimensional changes [1] , while focused ion beam (FIB) machining has been used locally to alter a resonant mass [2] . Stresses have been applied electrostatically [3, 4] and electrothermally [5] to elastic suspensions. Passive trimming is more economical, since it avoids the need for control circuitry. However, care is needed to optimise the tuning process.
Here, we consider two strategies for passively tuning in-plane microresonators, which require local machining. A typical structure is shown in Fig. 1 . It consists of a suspended mass m supported by N (here, 4) flexures, each of length L and width w , with a combined in-plane stiffness of k . The structure is of thickness t perpendicular to the figure, so that m = At ρ ESY}}, where A is the area of the mass, and k = N × 12 EI / L 3 , where I = tw 3/12 , and ρ and E are the density and Young's modulus of the material. The two strategies are to lengthen the flexures by machining at sites 1, or to lower the mass by machining at site 2. In each case, FIB machining may be used; however, one strategy may be more efficient than the other, as we now show.
The resonant frequency is ω = √ ( k / m ), and the fractional change caused by perturbations to the mass and stiffness is ∆ω / ω = ∆ k /2 k -∆ m /2 m . We can write this as ∆ω / ω = η k + η m , where η k and η m are the sensitivities obtained from machining at the two sites. Because of the sign difference between η k and η m , bipolar tuning can be obtained. However, the magnitude of the effect in each case depends on the geometry.
First, consider the effect of removing an area ∆ A of material from the mass at site 2. In this case, ∆ m / m = ∆ A / A . Now consider the effect of removing the same area from the flexure roots at sites 1, using N cuts of breadth b and length
Thus, the ratio of the sensitivities is R = η k / η m = -3 A /( LNb ), implying that tuning the stiffness is more effective than tuning the mass if A /( LNb ) > 1/3. This is the case if the mass is relatively large and the flexures are relatively short.
For example, if A = 100 µ m × 100 µ m, L = 1mm, b = 1 µ m and N = 4, we obtain R = -7.5, so there is little to choose between tuning the mass and tuning the stiffness. However, if A = 500 × 500 µ m 2 , R = -187.5. Since R is now a much larger, tuning the stiffness is much more efficient. For a cut of length ∆ L = 40 µ m, the frequency change is η k = -0.06, or -6%.
Accurate machining is required for stiffness tuning, since the shape and position of the machined area affect the result. However, modern FIB systems can perform the task with high accuracy and throughput. Here, we demonstrate frequency tuning by permanent adjustment of the stiffness of a laterally-resonant comb drive electrostatic microactuator using FIB machining. Fig. 2 shows the geometry, which consists of a light truss with a 2.6mm span, carrying the moving half of a comb drive. The truss is supported by flexures of length L = 1.15mm and width 5 µ m, which have their fixed ends attached to lands. Tuning sites are shown at each flexure root, so N = 2. The moving parts act as a mass-spring system, with a resonance at a drive frequency of ~650Hz, determined by the mass of the truss and the stiffness of the flexure. The fixed half of the comb is also attached to a land.
Experiments were performed using diode-isolated devices fabricated by bulk micromachining of single-crystal Si. Briefly, n -type substrates were doped with boron to form a 7 µ m thick p + etch stop. This layer was patterned by RIE, and undercut by anisotropic etching. A thin (700Å) Al contact layer was then deposited, and the devices were bonded. Voltages were then applied between parts based on the electrical isolation provided by back-to-back p + -n junctions. Motion was excited by applying a 13V sinusoidal drive between the two halves of the comb. Displacements were large, and could be measured in air using an optical microscope.
Fig. 1 Generic layout of in-plane microresonator
Experiments consisted of measuring the frequency response before and after lengthening the flexures in 20 µ m steps, removing the device from the FIB system each time.
Machining was performed using an FEI FIB200 workstation with a Ga liquid metal ion source [6] . Alignment was performed in ion microscope mode. Machining was performed using an acceleration voltage of 30kV and a beam current of 2.5nA, which gave a machining rate of 0.25 µ m 3 nA
. The sample surface was grounded. Typical process times were 12min to pump-down to 10 -5 torr, and less than 4 min to machine a cut measuring 20 µ m by 1 µ m 2 . Fig. 3 shows secondary electron images of the machining sites, illustrating the accuracy achieved. Fig. 4 shows frequency responses (i) before tuning, and after lengthening the flexures by (ii) 20 µ m and (iii) 40 µ m. Data set (i) is matched to a mass-spring-damper model, using mass and stiffness values obtained from the dimensions and taking into account intrinsic stress. The other data are matched to a similar model, modified only by increases in flexure length. The change in resonant frequency for set (iii) is -5%, close to that predicted theoretically for this geometry (-5.2%). The gain in efficiency obtained by tuning the stiffness rather than the mass is R Ӎ -162. We conclude that the FIB machining of flexures represents a practical tuning method.
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